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A33TRACT 



Is ad and lead-antiitony alloys of three various stiffnesses were 
co- extruded through a circular die at area reduction ratios of it, ?, 16, 
and 25, The Interface between the two cylindrical billets was cade in 
the shape of a cone with various preset apex angles of 180°, 170°, 160° 
and 150°. This comprised a set of Hit different test samples that were 
extruded by the direct process in order to study the effects of the above 
mentioned variables. These experiments were carried oat at constant 
conditions of die geoisstry, lubrication, room temperature, and ran speed. 

The results showed that for a particular ratio of stiffnesses 
between the billets (Kj/Kg) and a given cone angle, as the extrusion 
ratio was increased the interface distortion increased. Also, other 
conditions being fixed, as K-j/Kg increases, the interface distortion, if 
plotted in the form of a defect area, will result in an 3-shaped curve 
which has a maximum and minimum which are reached somewhere in the neigh- 
borhood where the stiffness of the first metal out is slightly greater 
than that which follows. 

It was also found that when Kj/Kg was small (about 0.?) voids would 
form between the extruded billets. 

The variation of the apex cone angle showed that, in general, if the 
con® angle was decreased tha size of the interface distortion decreased. 
This decrease continued to a certain point and then the interface would 
reverse itself and increase in the opposite direction, Thi3 situation 
was not studied sines the lowest cone angle used was 150°. 



^ * 



«' ii? . r ; 

‘ I * - . », i (ti ,1 I 

Tt 

.©. 

• •**> . *( 1 t ' 1 ** 4 . * r -0 ’i b . -v l -+Ji» C 

*' -*?'• •: x^r- - i.v '£• <• • r Xlfcl i&xdisc, c.t ,i-_* •in." ; eT ':o . ; i c -nl 

, »i * • • i'rA *c ©••qt;*'. add 



* 

■ £ i K 

• -jt • i .' 4 -.V.' ■■*<*£* -*-ivr^- -r *• ?. w ti 

-i l" e>.i. ■ i '••ivOM'rs *"4 is «*i 3 • joiXa • rifc»’vVd » Bi. r’jdxs-oa 

u j£ ■ 4 - * viJid I*oi»>*a .• Muff *i*d ‘»©*JS3 ©•sliedni «i I ,rS bci» 

‘ , C«\£ , °flft < '. / • ■! j / i ?,.c 2 -jc ridl • «uo© j* *o ©rtf 

•*i« C. i » a i*« d»t f -1* 4si* lo d»» - h, >ii< m.u *X (T J^OPJL b-.fi 
rvo*t> lt s*.tf -*•>*.. .!» -♦k’"5 a . b« ■o-'., * • *»ii» trti ?' bebo-tfs© 

Jj uiv j ?■ • sdn*a e«f*T . *1 •JM'oldrwa 

,fe; 4 . u »-3 l..* *©•».. . t > l.Jr-.li'' ■» X t t*5v* >„ « 1 L !«• V -idXb»C3 

,i tivm-r V c r .. v» -L..S j. * i#rtf •* dl~4en »: 

•*A*on * »ztf *- •*!»£* «• i. r s»\ *. & &•- (s,^\i*') «. • ell W wU rea*?*! 

v'--< , ■- • i A Js»tf - U' r c *•«*»■;')© >** "' a J ■ ..is -»8 ri i » eWn 

U ■ liib I * # ,.eo j-*i .2\.J w *ail ;- r -l^-’ xfcnoc 

n«j t»u*> ♦ - ' " • i. fj.iSG'i in* ‘ft, » V * it 1 » ‘d ni t»ijclq 

-** lru **S t ‘ *~»r,m0t<s& hr-i' 0 £? f IO f f* ?a. iri» fe'» .■**sut*** A 6 -*-^ <si. 1 tr 
— + <--t> <tX« *i . ■•• i.ed'r da-.fl ©•»• * • st%-.U<i .*.’U ** 10 *% bc*d<zod 

da. If**' d£rfi rsriJ 

iJi.-Ov' • •*•■* j.-jo’e.) II i £.. sfl (.-« d*id .wrvl c#I» «<tw dl 

£.*>-n.' \» •• o snBil 

©•• “iit •%«!•» ui ,i «.j« x*ae -«-i -to >-i> «dl 

vi. rj*y rmfxi ©Hsi I’ i* » * bo >*-->•■' d,,-* .-.-po 

»•'?■ r*»dd br- - i. i*r. ahs* r>; ■ f-. iii»"o ;'*.*^*» bI^T 

o >*. -it LSI .‘•ii u ’•ii «dis rc «rii t»i fr«eT;-:i £■» Us>«dl f«v\ en 

« Xici * * *s-> • •»- *e«* A.fd » n* dp baw 



- ill 



TA3LS OF CONTENTS 

I Introduction 1 

II The Experiment S 

III The Apparatus 16 

IV Preparation of the Billot 1? 

V Analysis 20 

A Preparation of the Samplo 20 

B Determination of the Extrusion Constant 22 

C Da termination of tho Extrusion Defect Aroa 26 

VI Results and Discussion of Results 39 

A Normalised Extrusion Defects 39 

B Effect of Varying X 3 /K 2 Ratio 55 

C Effect of Varying Cone Angle 67 

D Formation of Voids 72 

VII Conclusions 73 

VIII Recommendations 75 

IX Appendix 

A Equipment and Condensed Photographic Results 76 

B Plasticine Experiments 97 

C Double Extrusion Experiment with Aluminum 100 



i t .:rex. ■»* 



r 

A 


ao-Monbc-j tl 


▼ 

X 


* 


ftrfT 


II 


>1 


ai^r-'^.srcA. erf! 


III 




jU.fI.tS * ".? 3o jnoXi?«*:^qe*Xt 


11 


r»s 




? 


os, 


♦Iwsrc - , «rfw 5o A 




S4 


ajiadeac^ poiwnixL ©it It, rsorfenltriii*?! g 






?»”?.* i.^sltd ,70 rxrv >;L «£i lo p.aJ:ji Sfilerj *J •'l 0 






.£.«; / ?*> onl^stsalQ e s;UjyaaH 


IT 


u 


not iJttSilact’to’? A 




<;? 


•Ai*Jt g8\j2 3-Tr t "ir.V ’an 0*1x5. ? 




Y* 


■afj.;v a.' gj xx°i^V ‘ao ioellSi 0 




s\ 


-fexot lo nold - i.*‘io’ ! t C 




a 


*'O£6al5*-t0 


IXV 


?T 


snoiJ *fcn«. -•vuqSL 


im 




|A 


a 


br 


* £i' mf t>£flo*‘ Ar^-nebroO ixss «fr*esnIi>Y A 




T?. 


f anlsM « flH £ 




<xu 


Vlnr 'tn*»n.»ryS noiaznixS ®Idi/ r -3 0 





- iv - 



LIST OF IJL.U3TRATI0N3 

Figure No. Title Page 

1. Direct Extrusion Process Showing Orthogonal Grid Lines Prior 3 

to Extrusion 

2. Direct Extrusion Procssa Showing Grid Lines After Extrusion 3 

3. Extrusion Billet Consisting of Two Dissimilar Metals 

(A and B) Prior to Extrusion U 

li. Extrusion Billet After Extrusion Shewing Interface Between 

Two Dissimilar Metals U 

5. 3illet Arrangement for First Extrusion in a Double Extrusion 

Process 10 

6. Billet Arrangement for Second Extrusion in a Double 

Extrusion Process 10 

7 - 10. Figures Showing Results Obtained with Double Extrusion when 

Extrusion Ratios of First and Second Extrusions arc Equal 11 

11. Extrusion Billet 13 

12. Tinius-Olsen Tensile Tasting Machine Used For Extrusion 

Testing 18 

13. Split-Ring for Preventing Flashing 13 

lit. Typical Recording of Load vs Ram Travel frora Tinius-Olsen 

Tensile Machine 2$ 

15. Paramo tors Used for Analysing Extrusion Defects 27 

16. Extrusion Defects Normalised to Common Base );2 

17. Extrusion Defects Normalised to Common Base lt3 

18. Extrusion Defects Normalised to Common Base Ul* 

1?. Extrusion Defects Normalised to Common Base U5 

20. Extrusion Defects Normalised to Common Base 1*6 

21. Extrusion Defects Normalized to Common Base 1*7 

22. Extrusion Defects Normalized to Common Base it 8 



- M 






.. i U) r.f.u 



t 

i 



i 



4 

C?.£ 



01 



XX 

u 



6 : 



cX 



<$ 

TS 



Tj 



44 



54 
< 5 11 
Vii 
64 



o/.-Si .o 

* 'in » J felfu X i f «a«* t'lO jgfiXif© - jj,i . . vs| 'u!y J.- t!3 „X 

oJ 

s» nlxc J a... : ‘i fax** lioinintfi?* 3 4arxid ,S 

c. *■"-.• ajcltnia .13 v i V' lellifT n*Xef:*r<fx3 .X 

nG.ifctm.iJ <?v lOl'l'I (w l ..ft A) 

j s.-g-wsf*. scmhWjJ ^nJ.vc.12 no ‘mo-&xh -ra^V ^ .4 

e/®ls& -tfll- /staaiG o*T 

;n»le» Tuba* s»I- 2««0 * «I jznlt irt i nertes afa’i^A .?f ijfj;8 .5 

tifrjo"/! 

aie'fca*-' a a! no-Ui^r* tswoiv in fflogriiirsA iftiliC .6 

•esooi^ neiTtm*# 

rt>»" <»oi 60 x* alaioCi Ail* i-n. <-VO «sJX.'< »fi *ftixr>rf8 .01 - T 

iAj|V: ‘nafcvrtx* fa: .»ec far* ins'll"?. "■cfftsnjfafe 

.IX 

ic*" t- 0 j„7trfi>!#L • Elena?' IfcwiO-etflitiT .Si 

jnlle*? 

*/.? irnllrwe-t'i “jol ini WXXqS „£I 

ivalj— olall «•■*•*! XVv**l sv .Os**: lo ’HoiJyscaafl XoiqvT .41 

eriirla-- sfXtor.s'T 

p ar’ti* co£ r ~~»?sS rl-xX i ' , A **o” t*»’ e-r^J fecim*! .<|1 
• *a3 oC o5 tup eltiftloS J»X?-ini#>:£ „&X 

p*./~ ?rt -c. oj ”rc '' .ioe*l»G r.olacmx.. .VX 

*» • 1 r;o* -’oO ni i <-si Is* oil *1 j* . *1 roiri-tixi .81 

e«r,f n**mod c4 tm !!»<■ m* a+osleC! ml»v%i3& 

»*aS nr *-’o3 ex’ hoiXlctria* CvOftltCI t1*jji + x»’ .OS 

&**- ro*-^ -0 cl HsIIajsto'' olnalsC aolatmx* .IS 

-lip *&,.»oC. oJ ^ J;.’ RlDsleU .'iolunlxl «SS 



V - 



LIST OF ILLUSTRATIONS , contd . 



Figure No, Title Page 

23. Extrusion Defects Normalised to Common Base h9 

2h» Extrusion Defects Normalised to Common Base *>0 

25. Extrusion Defects Normalised to Common Base 51 

26. Extrusion Defects Normalized to Common Base 52 

27. Extrusion Defects Normalized to Common Base 53 

28. Extrusion Defects Normalized to Common Base 5U 

29. Plot of E1A2 Extrusion Defect Area for Varying Angles and 

E. R. * U 59 

30. Plot of Kt/Ko Vs Extrusion Defect Area for Varying Angles and 

E. R. = ? 60 

31. Plot of Kt/Ej V® Extrusion Defect Area for Varying Angles and 

E. R. = 16 61 

32. Plot of K3/K2 Vs Extrusion Defect Area for Varying Angles and 

3. R. = 25 62 

33. Plot of Vs Extrusion Dofoct Area for Varying Extrusion 

Ratios ana Cone Anglo of 0° 63 

3U. Plot of K2/K2 Vs Extrusion Defect Area for Varying Extrusion 

Ratios and Cone Angle of 5° 6i; 

35. Plot of K1/K2 Vs Extrusion Defect Area for Varying Extrusion 

Ratios and Cone Angle of 10° 65 

36. Plot of Kj/Kg Extrusion Defect Area for Varying Extrusion 

Ratios and Cone Angle of 15° 66 

37. Three-Dimensional Plot of K1/K2 Vs Cone Angle Ys Extrusion 

Defect Area. Extrusion Ratio * h 68 

38. Three-Dimensional Plot of K3/K2 Vs Cone Angle Vs Extrusion 

Defect Area. Extrusion Ratio s 9 69 

39. Three-Dime na ional Plot of K^/Kg Vs Cone Angle Vs Extrusion 

Defect Area* Extrusion Ratio = 16 70 

UO. Three-Dimensional Plot of K]/K 2 Vs Cone Angle Vs Extrusion 

Defect Area. Extrusion Ratio * 25 71 



.1 - «•- LI ^ 1 Jl V 



• S* • 

x* 

s? 

e: 

4c 

C* 

Lb 



?J> 

* 

'lb 

6c> 

bb 

& 

°X 

XV 



nt .©/ om^M 

«-«fl no*. 0 «* :- !!►'•»• 1 s/jc t»G r X*srsi ’•- ,CS 

» r* r*0 otf E/oola*! aoiasr*!/*® ,4S 

ooroJ <w Swiltato* e/osloG coieuiix3 .<?S 
*eaO no*wsoD o/ 4»sili*i©H noiroiixS ,6S 

ccft’ :o0 c« r«aiIs.'<'.cS * XsoVC AoJi?t/«ix2 »7S 

i * t»s. 1! */ bes X-CxanoC e/ 3«1*<T noXtL’i/rS ,8S 

bra «»l,-,nA ja£^*»*7 *:ol •'• 1 /osl© r«le»:*six£ *7 cAx’C 

4 * .fl .a 

baa a*X»ni i 5 fii\*»V «* set*. /doI&u aoJt&ytfjsi aV cl \ <*3 lo /©i’i ,0C 

> s .* ,2 

b** a&Xvn' gjdi^'xat \ol .-•►•j* ^Da’lwtl /joliWiS’st a? §«fV^ Jal*! ,XC 

oX » <fi •’X 

bra r>-I •- rji ■saV rsr! feiA /cslaCJ. nolsif-hi’aci c7 1o .*oR .SC 

cS ~ .fi .£ 

noiaintxj : rr^vr J •xo'x esv /ort. 3 >(I SK>lma~*i& aV c'A?£ !o vcT! .CC 

°0 Sc- X:'T :r-r > Ir* roidiifl 

nolat^i^i arxVifiV nol *»\A jo«*s»G ncJraaifrfr'* eV ^ # \r^ 0 XoXS .AC 

lo elgnA «.rO bnc 



noJ*u\bxD b.’^t-i*,;' <rol ebiA /cal* 1 *7 - 3 3{> ^ 

C'OX lo *X_n‘ oncO br» 



,*C 



Koi&ir»/x2 t niT~-fV •jol «et /cbIbG noi> f r sxi &7 <j>2\ r 7i /oil ,<5C 

°$I lo elgn a enoO N m aoiie£ 

xrci**rx/xS aV ei: nA ertoQ bV <j3\r^ ^°X V X» ,,r Xen®*i -ceib-lT .VC 

4 m ox+aJl aolstr’&jCL .seiA /ctleG 

noisu’sJxS eV ’•X^A *.~on «V 5 < 7 VS lo /i I*? Iar«o 6»*irfT ,8C 

<? S O 1 &bS BClltJlJX.’ .£•»!► /0«i»Q 

f.ol&jJT/s. »V al^fu\ enoD aV gX\r 2 T} -° ^oli :> e'.flT .VC 

•’I * oj , *»• , ' ■'*•• i*xr*/ r ,?viA /©elcC 

nol •- i.i'i/*- t»V bIm:- »no0 eV ^Ax^ 1 Xo ivX'j XafoianoaiC-s^rafl .04 

= oX + » rwX>tnixS ,s*r. /oalaG 



- vl - 



LIST 0? ILLUSTRATIONS, contd . 

Figure No. Title Pago 

A-l Extrusion Cylinder 77 

A-2 Extrusion Dias 70 

A-3 Extrusion Stand 79 

A-U Extrusion Ram 79 

Ar-5 Assembly of Extrusion Apparatus 80 

A~6 Photographs of Composite Load Billets After Extrusion Showing 

Interface. Extrusion Ratio = k 81 

A-7 Photographs of Composite Load Billots Af tar Extrusion Showing 

Interface. Extrusion Ratio - 9 82 

A-8 Photographs of Composite Lead Billets After Extrusion Showing 

Interface. Extrusion Ratio = 16 83 

A-9 Photographs of Composite Lead Billets After Extrusion Shewing 

Interface. Extrusion Ratio = 25- 8U 

A- 10 Photographs of Composite Lead Billots After Extrusion Showing 

Interface. Extrusion Ratio - It 85 

A~ll Photographs of Composite Lead Billets After Extrusion Shewing 

Interface. Extrusion Ratio s k 86 

A- 12 Photographs of Composite Lead Billets After Extrusion Showing 

Interface. Extrusion Ratio “ U 87 

A- 13 Photographs of Composite Load Billets After Extrusion Showing 

Interface, Extrusion Ratio = 9 88 

A-lU Photographs of Composite Load Billets After Extrusion Showing 

Interface. Extrusion Ratio = 16 89 

A-15 Photographs of Composite Lead Billets After Extrusion Showing 

Interface. Extrusion Ratio =25 90 

A-l6 Photographs of Composite Lead Billots After Extrusion Showing 

Interface. Extrusion Ratio =9 91 

A- 17 Photographs of Composite Lead Billets After Extrusion Showing 

Interface. Extrusion Ratio - 16 92 

A-18 Photographs of Composite Lead Billets After Extrusion Showing 

Interface* Extrusion Ratio = 25 93 



iv ~ 



a t 1 I: 



.0 i x 











e/-* xi 




.oR eiygjtf 


w 










'X»fcnX. r ^X -,cfai ,Jx 


S.~k 












»• ’* 


■- •" •<«*< -of 


t~ A 












* »w^ - »i- «i 


l-A 


tt 












i itoi* jU * 


4-A 


ft 








8yje* r rjA 


1© x*'» , o»«a/ 


c— A 


£8 


i fllwe;; 


pctz*rx k xZ 


•:► a 


**•11.11 


h**«- f-rfiftcjfw-i) To 
2 aids?. 


r*fVf * r *«» *J 

.etiai’ieirl 


e-A 


Sft 


•ri J w w‘« 


noi‘irrf»7f 


lUwl* 


«*«m* 


r *<*! ez iso c oO ‘ >o 
” oiiaS noXwr^afi 


pt'^Kr-cdorfi 
„bH!j '“f® *«sl 


T-A 


ra 


» l » &•'* 






■*• » UP 

bs 


b»*J le 

” ©i.. k f A KCifiiu^ 


sic-yrjodo^'X 
.i oaTied©! 


S-A 




I ill**)'# 




7?»^ jL» 


ad ©I - r ,f . 
'•’2 


fcstn «.fi*O<*B0U lo 
“ ©I*’- wl rif'itxi. 


£*{c; 'T'OjOtf? 
.SGfilieXrl 






• nin‘/s' i*i££rJaii» 


•xailA 


adbll/S 

4.? 


meJ ewiecvr-f ?e» 
~ nit fit n**i»tr*:Jxc 


«•'.<¥ 1 , odo^ 
.ao-lrtaitil 


OI-A 


6* 




noisi/id^ 


w*!# 


edsli'il; 

a 


fcittfvi In 

s oid r ?l i 


8dc«Tgo,*ot{? 

.*;v* 


II -A 


# 


jrxwff 


roIcirxrfxZ 


•x*fU 


islllli 

ti 


fcpyJ ©JMs<y«oO “i* 
- clia* noieirc^ju. 


»nq* 'triOviedl 


a:~A 


*$ 


. .71**7? 


ml9&vt£& •S'tf 1 A -t^tsXXxi 

<? 


ftaoj. bdl&y^jao > lo 
= n/j'V iwtleu^xS 


eri* i^.'.cocdl 


a~A 


V* 


sor t JtottltS'Zt m 


•*tf A 


sXallXg 

61 


bj>£*I a-diee- • -C le< 
- Oidftii £TG.tir^Xi 


^dcjsy' S’od^ 
» i&v ^ X"»a4 $r£ 


i-I* A 


it 


j.r> »j ?Si 


nei-. 


■»W J 


•JalXiS 

IS 


be* 1 sJiSJEC. 1 lo 
“ oidr r»cX«^xtx£ 


td».*-iiCCfori*5 


5I-A 


St 


• oi* *fV‘ 


mtS'-iiY* 


•'Hi'*. 


• ♦•Hi® 
Q 


©dJte<q«*v !o 
~ oLte.A roltviSxi. 


aMfrxsadodl 

♦eotl^-JcX 




ft 


vlWO<*. 




•l-t •> 


«?d»ms 

61 


' **- ©dia* s *• 's) Ja 
s old*-.. notBsndr'’ 


.arsliad'iX 


TI-A 


ue 


... •■. do 


no'et/*? „• 


^ >i- 


t*al£18 

c£ 


b*aJ b^ieo. - ' e»D lo 
~ oUm*. ; Oi. 


erf- •’p-^dori‘1 
.x : ‘‘luiMnl 


8I-A 



LIST OF IL-.J&TtUTIOHS, oontA . 



Figure Ho. Title 

A-19 Photographs of Composite Lead Billots After Extrusion Showing 
Interface. Sxtrusion Ratio - 9 

A- 20 Photographs of Composite Lead Billets After Extrusion Showing 
Interface. 5xtrusion Ratio - 16 

A-21 Photographs of Coispoaita Lead Billets After Extrusion Showing 
Interface. Extrusion Ratio = 25 

C~1 Billet for Aluainun Double Extrusion 

C-2 Radiograph of Aluminum Billot After First Sxtrusion Showing 

Distortion of Copper-Filled Hole. Direction of First Extrusion 
was from Right to Left. 

C-3 Radiograph of Alunimna Billet After Second Extrusion Showing 
Distortion of Copper-Filled Hole. Direction of Second 
Sxtrusion was from Left to Right, 



Pag* 



9h 

95 

96 
101 

102 



102 



r \ 



,o 



j: 1 ? 



Si '•*; -i -U O’ . 



A • ■ slxl' I***' * * * iO »f s fl ! >*TfS[ 

^ - <±S+ :> Sfjlem' xi , t alnoSnl 



Sufc«uf. t •*-• _ 6 f Xi'' • riiM'.n"' 1. f’.i'* i©.fr OfPt 

M - u k * 4 - . 

.•slworiv, roisi :^jc* ***c •/- ■•-* jp> J J • ' * **•! ^3 *>iari*i 

^•S r. oiiafrl nc.f.- ..asB'irtakJnl 



roi.3irjj.T» fllot/ 'C ry. i». f/ »to1 .telliS 



.i*'..!©' r-..i. ci'crx. j.r» 'i»-i * '♦r*V12 •* ■i.'* -r 'ic rW .•cf&t'S 

,v: .fra'’ 1 <*■ }?r>t ■* *2 »&vO u „ *• c 

. -4-Jl ,fr vfrlfr 1. O'v I saw 

i«>wf *JB brtc&- •wrflA vt*-Xl.K i» i&itfs. !<i r?~t T?Ciii3?» 

1c .role • ji' •*;£ ?-* • -0 t* k\ i)tC 

\t v'*- ' toil ••v. ht/ftL-x^xT 



«?f-A 

CS-A 

IS-A 

1-0 

S-0 

£*•0 



- viii - 



Lli? Qz TAJ5LSS 



Table No. Subject Page 

I Sunwiary She -t for Idsntifyins Sxtrueion# lii 

II Exporimoat Extrusion Data 29 

111 Ratio of intrusion Constants 55 

IV Extrusion Constants (S) 57 

V Void Formation 72 






l__ JL 





J • fcc-u 


41 


*t» - * v„ t 


r- 




V? 








.oH ©Id*T 

,, ^ \ 'll- ■>' I 

..“- r . o 1 ' , ’- , j*vn. II 
a .-_ I • r -! r ‘ ' HI 

?I 

* fcioV V 






** is — 



ACKr.'OT T 

The author is indebted to Professor A. R. Kaufisarm for his able and 
•willing assistance throughout this investigation. 

Gratitude is also extended to Dr. T. B. Nowak for his constant help 
and many suggestions. Mention rast al 30 be made of the willing assistance 
of many people at Nuclear Jfetals, Inc. of Cambridge, iiaasachuaetts, where 
this investigation was conducted. 



. 4 . * , I tu» v ~ 'v • 

* . • <i i i- -i j.-.Li 'Hr 

• ' * • • T.t: . ' ••£. • '• 1 ~ 

a..* !>:. ** 

« . i ; . - -w. v . . • . •..!-* * t© 

... r«.i- 1 . •-.nr c - i. if,* r.i • hit 












1 



I. INTRODUCTION 



In the process of manufacturing fuel elements for reactors it is 
necasaary to clad the nuclear fuel with a more corrosion resistant motal 
so that the fuol elements can be subjected to the flow of tho 
heat-dissipating medium and also be capable of withstanding shock. One 
method of doing this in the case of cylindrical fuol olenants h&a been to 
co-extrude the fuol material along with the cladding metal. This is 
normally done by "canning 1 * the fuel material prior to extrusion. 
Dissensions are chosen so that after extrusion the proper thickness of 
clad is obtained. This, in itself, presents no great difficulty, and is 
accomplished with extreme accuracy. However, since these elements are of 
finite length and must be extruded as such, difficulty arises at the ends 
whore the clad material face 3 on to the fuel material. Instead of 
getting a flat interface between the taro metals, as one would like to 
hava, the normal result is an irregularly shaped interface. 

Typical of all extrusions is a phenomenon which is called an "extru- 
sion defect", or just the "defect". A3 in tho flow of fluids, once a 
steady state condition is reached and no d is continuities are introduced 
tho flew pattern remains constant. Such would be the case with 
extrusions if only one stiffness of natal were used; but in the case of 
co-sxtrusion, at least two different stiffnesses of metal are used. 

In order to illustrate tho significance of the "defect", consider a 
single metal being extruded through a die in which a grid has boon super- 
imposed on a center plane as in Figure 1. 

As force is applied to the piston, a point will be reached whan the 
shear stress is greater than the shear modulus of the metal and flow will 
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commence. The first squares of the orthogonal grid will be distorted to 
a new shape and successive squares will result in varying shapes until a 
steady state condition is reached. This steady state condition is shown 
in Figure 2. 

Finally, as the last of the natal approaches the die, the pattern 
changes again and neither resenbloo tha initial pattern nor the steady 
state pattern. These variations of grid pattern at the beginning and end 
of th© extrusion as compared to the steady flow pattern are examples of 
"defects' 1 . Soma authors refer to the distortion of the orthogonal grid 
pattern as a "defect”, but this oxperiaentar will use the term "grid 
distortion" for this in order to differentiate between the two. In other 
words, every element of an extrusion undergoes grid distortion, whereas 
the defect occurs only at discontinuities. 

Imagine now, two materials of difforont stiffnesses arranged as in 
Figure 3 being extruded through the same arrangement as before. 

Depending upon the relativo stiffnesses and many other variables, the 
result will, in general, be as is shown in Figure U. 

The fact that the interface between the two dissimilar materials is 
no longer a straight lino and can extend for great lengths is the problem 
to be attacked by this paper. 

Were it possible to weld cr somehow cap the ends of extrusions, the 
defect would present no problem because one long extrusion could bo made, 
cut into desired lengths, and capped. Due to the nature of the metals 
concerned and to the desirability of a metallic bond at tha end between 
the meat and the clad this is not possible at tha present time and conse- 
quently some moans had to be developed to eliminate or reduce the defect. 
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FIGURE I 

Direct Extrusion Process Showing Orthogonal Grid 
Lines Prior to Extrusion 




Direct Extrusion Process Showing Grid Lines 
After Extrusion 
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FIGURE 3 



Extrusion Billet Consisting of Two Dissimilar 
Metals (A and B) Prior to Extrusion 



m Direction of Extrusion 




Extrusion Billet After Extrusion Showing 
Interface Between Two Dissimilar Metals 




Presently this is done by prashaping tha interface 30 that a straight 
interface is approached in the final result. The exact geometry of tha 
preshape is arrived at by experimental methods for each particular case 
and can be called nothing store than a trial-and-error method. It will be 
the object of this paper to investigate systematically the formation of 
the defect. 

Since the main problem in this investigation centered around the 
behaviors of two metals having different stiffnesses, the first problem 
was to arrive at an experiment which would show the effects of this 
property. In the beginning, the idea of using a coauercial plastic clay 
called "Plaa ticino'* was tried and many experiments were carried out with 
this material. Plasticine had possible advantages in that different 
stiffnesses might be easily attained by merely adding given amounts of 
talc and kneading the clay until it was homogeneous. Also there was 
quite a Large background of material available where Plasticine had been 
used to study tha flow of metal during extrusions, rolling and etc. Also 
in its favor was its relative ease of fabrication, its ability to be made 
in various colors, and its extremely low extrusion pressure. 

Its disadvantages lie in the fact that its properties are so 
dependent upon temperature that a few degrees' change will alter its 
characteristics noticeably. Another difficulty encountered was dimen- 
sional stability of the billets prior to extrusion. Since the whole 
investigation centered around the interface, it was mandatory that the 
original billet interface bo quite exact and vary reproducible for 
hundreds of extrusions. The very softness of the Plasticine prevented 
thi 3 stability to any groat degree but it is fait that this problem could 
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have been solved by lowering the temperature of the Plasticine during the 
leaking of the billet in order to toake it easier to maintain tolerances . 

Appendix B details somo of the experiments carried out with 
Plasticine prior to the ti»s that a new material was selected. 

In the selection of the new material certain qualities were 
predominant! (1) it should be a natal, (2) it should bo relatively soft 
so that the testing equipment available could be used, (3) it must be 
possible to vary its stiffness but not change its over-all characteristics, 
and (U) it should be a material which is readily available and safe to 
use. After looking over the field it was decided that lead fulfilled the 
specifications since antimony could be added in small percentages to 
increase its hardness. 

The only objection to this selection was the fact that at room 
temperature lead and antimony would not fora a solid solution and the 
possibility existed of having variations in the metal due to non- 
homogeneity. In order to find out if this problem was of sufficient 
magnitude to exclude the use of these two netala, a test was made by 
extruding a long billet containing 10 percent antimony and testing each 
piece of this billet by extruding through another die to determine If its 
properties changed with rospect to position in the originally cast billet. 
No differences were noted so it was tacitly assumed that all cast billets 
were homogeneous. 

By calling local lead distributors it was learned that lead 
containing any desired amounts of antimony was obtainable by order, but 
that 3 percent and 10 percent were readily available and required no 
special procurement. Pure lead (99.99 percent) was also available as a 
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standard stock itca. Thus, the selection was nad® to U30 throe different 
types of lead« pure, 3 percent antinomy, and 10 percent antimony. 

Haring selected the xatsrial to bo used, the next step was to 
dotornine tho experiment which would enable an investigation concerning 
the extrusion interface to be studied. 
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II. THE EXPERIMENT 



Sine* most of the extrusions made in general practice are of the 
direct extrusion type, it was decided, that this experiment would also U39 
the direct process. Figure 1 is an example of the direct extrusion 
process. The simplest geometry for extrusion is the cylindrical type 
where the cross-sections of the billet and of the extrusion are circles. 
This type of geometry was selected. 

The next selection was the size of the billets and the extrusion. 

The determining factor here was the apparatus available which is described 
in Chapter HI. A few simple calculations showed that a 3 A- inch diameter 
billet could be extruded through a 25 to 1 reduction ratio and from this 
limiting arrangement the billet size was fixed at . 7^8- inch diameter 
(.002- inch under the . 75>0~inch value so that the billet would fit into a 
.750- inch diameter cylinder). Four different values of reduction ratio 
were selected* 

(1) U to 1 

(2) 9 to 1 

(3) 16 to 1 

(1*) 25 to 1 

It was felt that this range would cover the possible range now being 
used for extrusions and would yield sufficient data to investigate the 
problem. Thus, at this point there are throe different materials and 
four different extrusion ratios, resulting in a possibility of twelve 
different conditions. If it is now allowed to use two different billets 
in the cylinder instead of one, and also specify the material which is 
firet extruded, the possibilities aro tripled and thirty-six combinations 



ere available 
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The introduction of one more variable new completes th© nacesaary 
variations which ara required! that of preshaping the intarface of the 
billet. In order to understand why the particular shapes war* chosen,, it 
is nacesaary to explain soma profound results obtained in the Plasticine 
experiments. 

After working with Plasticine for several wesks trying to obtain a 
flat interface by preahaping the billets, the idea came to this inves- 
tigator of double extrusion. In this process a billot consisting of two 
raatorials having a flat intarface was extruded at an extrusion ratio 
roughly the square root of the final extrusion ratio required. Sea 
Figure 5. This resulted in a billet having an extrusion defect as shown 
in Figure 6. It was now proposed to re-extrude this billet, but in the 
opposite direction, so that the final extrusion would again contain a 
flat interface as in Figure f>. The idea was to let the physical 
properties of the raatal and the extrusion determine the complicated 
preshaping of the billet so as to result in a flat interface. 

This experiment was performed many times and always resulted in the 
confusing and then-unexplainable situation of an extrusion defect such 
larger and in the opposite direction of the final extrusion. In other 
words, the billet in Figure 7 was extruded in the direction shown, 
resulting in Figure 8. Then the billot in Figure 8 was extruded in the 
direction shown in Figure ?, and resulted in Figure 10. Theory available 
could not explain this result. At first it was felt that the Plasticine 
was the reason for this difficulty, so an experiment was carried out 
using aluminum and the same result was obtained. See Appendix C. 

Careful analysis and precise evaluation shows that the result 
obtained could be predicted if one realizes that there is soma angle in 
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Direction of First 
Extrusion 

FIGURE 5 

Billet Arrangement for First Extrusion in a Double 
Extrusion Process 




FIGURE 6 

Billet Arrangement for Second Extrusion in a Double 

Extrusion Process 
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B — = A 



FIGURE 10 



Figures Showing Results Obtained with Double 
Extrusion when Extrusion Ratios of First and 
Second Extrusions are Equal . 



th* prsshaped interface, after which tha first extrusion defect will not 
reverse itself, but will indeed increase in defect length. An analysis 
based on preservation of volume a hors this angle to bo around 15° for all 
materials and will be discussed in detail later on. 

Haring arrived at this angle of 15° for prashaping, it was docidad 
to investigate four different angles in tha lead experiment, namely: 

(1) 0O 

(2) 5° 

( 3 ) 10 * 

(U) 15° 

Figure 11 shows the general shape of the billet with the cone-shaped 
interface. With these four new combinations available the final combina- 
tions rose to lUU, which was the final number of experiments as actually 
performed. Table I gives a schedule of these different experiments. No 
two of these extrusions ware the sarse. 
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9 = 0°, 5°, 10°, 15° 



Material Lead (Pure, 3% 8 10% Antimony) 

FIGURE II 

Extrusion Billet 




Direction 



Split- Ring for Preventing Flashing 



TABLE I 
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EXTRUSION RATIO A^/Ag 




I 

1* 


9 


16 


25 




P*-P 


#1 


P*-P 


#10 


P*-P 


#19 


p*-p 


#28 




3*- 3 


#5 


3*- 3 


#11 


3*- 3 


#20 


3-*- 3 


#29 




10*- 10 


#2 


10*- 10 


#12 


10*- 10 


#21 


10*- 10 


#30 


0° 


P*-3 


#6 


P*-3 


#13 


P*-3 


#22 


P*-3 


#31 




P*-10 


#1* 


P*- 10 


#11* 


P*-10 


#23 


p*. 10 


#32 




3*-P 


#7 


3*- P 


#15 


3*-P 


#21* 


3*- P 


#33 




3*- 10 


#8 


3*- 10 


#16 


3*- 10 


#25 


3*- 10 


#3U 


i 


10*- P 


#3 


10*- P 


#17 


10*- P 


#26 


10*- P 


#35 


1 

! 


10*. 3 

i 


#9 


10*- 3 


#18 


10*- 3 


#27 


10*- 3 


#36 




P*-P 


#37 

! 


P*-P 


#91 


P*-P 


#100 


P*-P 


#109 




3*- 3 


#38 


| 3-*- 3 


#92 


3*- 3 


#101 


3-*- 3 


#110 




1O+-10 


#39 


| 

10*- 10 


#93 


10*- 10 


#102 


10*. 10 


#111 


| 


P*-3 


#1*0 


P*-3 


#91* 


P*-3 


#103 


P*-3 


#112 


5“ 














! 


P*-10 


#Ui 


P*-10 


#95 


P*- 10 


#101* 


P*-10 


#113 


| 


3*-P 


#1*2 


3*-P 


#96 


3*-P 


#105 


3*-P 


#111* 


1 

1 


3** 10 


#1*3 


3*- 10 


#97 


3*- 10 


#106 


3** 10 


#115 




io*-p 


#1*1* 


10*- P 


#98 


10*- P 


#107 


i 

10*- P 


#116 


10*- 3 

j I 

1 J 


#1*5 


j 

j 10*- 3 

1 


#99 


10*- 3 


#108 


10*- 3 


#117 



TA B LE I (Continued) 





k 


9 


16 


25 




P4-P 


# 1*6 


P 4 -P 


#118 


P4-P 


#127 


P4-P 


#136 




34-3 


#1*7 


3-^3 


#119 


3+- 3 


#128 


34-3 


#137 




104-10 


#U8 


104- 10 


#120 


10*-10 


#129 


104-10 


#138 


10° 


P**-3 


#1*9 


P 4-3 


#121 


P+-3 


#130 


P4-3 


#139 


P4-10 


# 5 o 


P 4 -IO 


#122 


P4-10 


#131 


P4-10 


#11*0 


1 

1 


3-*- P 


#51 


3-4-P 


#123 


34 - P 


#132 


34- P 


#11*1 




>►10 


#52 


3-*- 10 


#12l* 


34-10 


#133 


34-10 


#11*2 




104-P 


#53 


104-P 


#125 


104- P 


#13U 


104- P 


#11*3 




104- 3 


#5U 


104-3 


#126 


104-3 


#135 


104-3 


#11*1* 




P-vP 


#55 


P 4 -P 


#61* 


P4-P 


#73 


P4-P 


#82 




34-3 


#56 


34-3 


#65 


34-3 


#7U 


34-3 


#83 


1 


104- 10 


#57 


10*- 10 


#66 


104-10 


#75 


104- 10 


# 81 * 


15 ° 


P*- 3 


#58 


P4-3 


#67 


P*-3 


#76 


P4-3 


#85 


P4-10 


#59 


P4-10 


#68 


P4-10 


#77 


P-4-10 


#86 




34 - P 


#60 


3*- P 


#69 


34- p 


#78 


34- P 


#87 




34-10 


#61 


34- 10 


#70 


34-10 


#79 


34-10 


#88 




104-p 


#62 


10*- p 


#71 


104- P 


#80 


104- P 


#89 


1 


10*- 3 


#63 


10^3 


#72 


104-3 


#81 | 
i 


104-3 


#90 
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III. Tire AP?/JIATia3 

A 20,000-pound Tiniua-Olsen Testing Machine -was u3od to provide tha 
power for tha extrusions. Moans mare available on this machine to 
accurately set tha spaed of tha crosa-head which, in effset, was the ram- 
spaed of tha extrusion. Since the extrusion pressure is greatly 
dependent upon the ram-speed, it was decided that the ram-speed would be 
held constant for all tho extrusions and was ultimately set at one inch 
per minute. 

Thie machine also provided aeons for recording the load versus ram 
travel graphically and these graphs were used to obtain a permanent 
record throughout the entire run of tha extrusion. An example of one of 
those records is presented in Figure 111. 

The actual extrusion apparatus was made as simple as possible and 
consisted of a cylinder, ram, dies, and stand. Plans of those are shown 
in Appendix A. Those were all made from cold-rolled steel and were not 
heat-treated sines it was felt that by using the relatively soft lead no 
particular abuse would be experienced by the apparatus. This confidence 
was borne out by tha experiment. 

Since four dies were required, it was necessary to either make the 
dies removable from the cylinder or make four dies integral with tha 
cylinder. Realizing that it would be impossible to extrude 100 percent 
of the billet and that the reminder would have to be removed from the 
cylinder, it was decided that the better arrangement would be to have tho 
die detachable from the cylinder, thus facilitating the removal of the 
spent billot. 
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Us* was made of an anti-flashing ring between the ram and tha billot. 
Great care was used in machining tho cylinder hole and the ram so as to 
obtain a tight but movable fit. However, enough clearance waa left to 
permit flashing of the lead between tho cylinder and tho raa. If allowed, 
this flashing eventually results in binding the ram. In order to 
alleviate this situation a small steel split ring was used as * seal 
between tho lead and the ran face. Sea Figure 13. As the ran forced the 
ring into tho lead, the tapered inner face of tha ring caused the ring to 
expand outward, sealing off any lead which might try to slip between tile 
ram and cylinder. This method worked very successfully. 

The next consideration was that of lubrication. From experience it 
was known that sorao fora of lubrication was required in tha extrusion of 
lead and most references indicated soma form of graphite. However, in 
this experiment the problem of lubrication wa3 nado complicated by the 
fact that there should be no lubrication on tho interface. This, at the 
onset, ruled out the use of a liquid lubricant unless the interface could 
somehow be closed off. At first the notion of pressing the two billets 
together under extreme pressure in a closed container was tried, but with 
the pressures available this was unsuccessful. Since tha lubricant 
recommended waa some form of graphite and dry film graphite was available, 
the problem was solved. The billets, prior to extrusion, were sprayed 
with "DOF- 123% a quick-drying product produced by the A. P. Products 
Corporation of Toledo, Ohio. This method proved to be successful in that 
it provided lubrication to the cylinder wall and etill did not lubricate 
the Interface. A small amount of liquid graphite was placed on the die 
face to facilitate tho initial phase of tho extrusion. 

Figure 12 shows the apparatus as set up for extruding tho lead 



billets 
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Flgura 12 - riniuo-Olsan Tensile Testing Machine Used For 

Extrusion Tooting 
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IV. PREPARATION OF THE BILLS! 



The three types of lend were obtained in pig form and were melted 
down In the laboratory under conditions which wore intended to prevent 
any contamination which night have caused a variation in its properties. 
The molten lead was poured into a hollow graphite cylinder which had an 
inside diameter of 2 inches. This billet was cooled slowly in air and 
caused to solidify from the bottom up by using a torch to apply heat at 
the top. This was don* in order to assure that no pipe would fora. 

After cooling, ths billet was removed from the graphite cylinder and 
the top inch was sawed off and discarded. This billet was then extruded 
in a 100- ton extrusion press using a .756-inch die. The extrusion was 
performed at room temperature . These rods wore then drawn down to 
.7ii0~lnch diameter on a regular drawing machine. 

After cutting Into l$-inch length cylinders, the cylinders were 
faced off on one end and the required cone machined on the other. Each 
billet was labeled as to Its cone angle and percent antimony. Although 
the accuracy of the angle as machined could not be attested to, it was 
the procedure that once the lathe was set up for cutting a particular 
angle, all the samples ware done at once, both th© male and female, to 
insure that all th® angles ware the same within that group of con© angle 
designation. 
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V. ANALYSIS 



A. Preparation of the Sample 

The extrusions ware performed in tho order shown in Table I. Each 
extrusion was cXvttn a number and all pictures, diagrams, and calculations 
can be identified by this txumber and reference to Table I. 

As each extrusion was completed, the extruded metal was scrutinised 
in order to locate soao tell-tale sign by which the position of the 
interface could be determined. Usually this presented no particular 
problem because a definite discontinuity would develop. Sometimes where 
the two isetals wore of the same composition, finding tho exact location 
of the interface was quite a problem and long te3t samples had to be 
taken. The direction of extrusion was scribed on the metal. 

Since the information could only be obtained along tho cross-section 
of the test a ample, it was necessary fir3t to embed the lead Into a 
zao ta biographic mounting substance called Casto-Uold, manufactured by the 
Cosmos Products, Inc., of Naw York City. This facilitated mounting the 
samples in a strong ro3iliant plastic without the application of heat. 

Each sample was then ground down to tho diameter by use of a wat- 
belt sender and the application of a great deal of water as a coolant for 
the lead. Extreme care was exercised in this process for the lead had a 
tendency to smear if too such pres sure was applied, or if the load wae 
allowed to heat up. At first an attempt was made to mill each sample 
down, but this proved to bo a great tiao-consuaing process. By using the 
wat-belt sander, a sample was prepared in .just a couple of minutes. 

After this initial rough-grind, the sample was then further polished 
using emery papar down to 2/0 with liberal araounta of karoaeno as a 
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lubricant and coolant to prevent smearing, Ho finer paper than 2/0 was 
used because the Interest was in the interface rather than in the grain 
structure of the load. 

At this point, many of the saaplos displayed the interface very 
clearly and needed no further preparation prior to photographing} however, 
souse fora of etching was called for to facilitate the photographic 
process. Three basic type 3 of etches were used, depending upon the 
composition of the sample, namely* 

(1) Glacial Acetic Acid 

(2) Nitric Acid (concentrated) 

(3) Hydrogen Poroxide (30 percent) 

It will be recalled that each sample could be composed of any two of 
the three types of lead. If the two metals in the sample consisted of 
dissimilar metals, such as pure lead and 10 percent antimony lead, then a 
light cotton swabbing with full strength Glacial acetic acid was 
sufficient to clearly bring cut the interface because the greater the 
percentage of antimony in the lead, the lighter in color would be the 
etch. Pure load turned almost black. 

When the two leads in the sample were of the same metal, such as 
pure lead and pure lead, then the problem was to try to bum out the 
interface with the hope that the grain structure at the interface would 
be weaker and thus more susceptible to a strong oxidising agent. The 
first etching solution tried was: 

16 parts H 2 O 

it parts Acetic Acid (Glacial) 

6 parts HNQ^ 
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In many cases this solution was sufficient to bring out the interface. 

In some isolated cases the aforementioned solution was not successful and 
the following was usedi 

1 part H 2 O 2 (30 percent) 

1 part Acetic Acid (Glacial) 

Sach sample was then photographed and printed. A comp lata set of 
the photographs are presented in Appendix A. 



3. Da termination of uXtru3lon Constant 

One of the few basic relationships which apply to the process of 
extrusion is the concept of the Extrusion Constant (K). Tills states that 
the extrusion pressure is proportional to the natural logarithm, of th® 
ratio of the initial to the final cross-sectional areas. 



P s K In (A x /A 2 ) (1) 

where P - extrusion pressure (psi) 

r cross-sectional area of pro- extruded billet (area) 

A 2 s cross-sectional area of extruded billet (area) 

K Z intrusion constant (pal) 

This relationship requires that many conditions remain fixed during any 
series of extrusions. Thus, there is no particular value of X for a 
particular awtal since so many other variables can effect X. 3ome examples 
of parameters which have a profound effect on X aret the ram speed, the 
temperature, the type and amount of lubrication, the type of extrusion, 
and the geometry of the dieo. 

Realising that these factors all contributed to the determination 



of K, it was mandatory that the experiment be so conducted as to have 
these factors remain constant for all the tests. This was not too 
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difficult to achieve because of tha nature of the factors involved, The 
only items which could not ba absolutely fixed wore the tessera ture and 
the lubrication. All the tests were conducted at room temperature which 
varied, over the period of teats, about 10°F. It was assuiaed that this 
variation did not effect the rooult3 within the accuracy desired. In the 
natter of the lubrication, it was realised that tho exact amount of dry 
film graphite could not bo repeated for each tost, but that so little 
variation existed that this too was fait to be within the experimental 
error anticipated. 

Thus, with all other conditions remaining fixed, K depended only on 
P, An, and A2. A\ and A2 war© accurately measurable since tho cylinder 
and dies wore machined to within .001-inch. From the inception of the 
design the area ratios ware selected as definite parameters such that 
A1/A2 varied in stap3 h, 9, 1 6, and 2$, These are called the area 
reduction ratios or extrusion ratios (S.R. ) 



E.R. = A 2 /A 2 (2) 

It than follows 1 

B.R. In B,R, 

h 1.3 9 

9 2.20 

16 2.77 

2 $ 3.22 



Then for a given S.R. , K is directly proportional to tha extrusion 
pressure, if (l) is valid. During the actual process of the extrusion, 
the load being applied to tho raa was being recorded by means of a 
revolving drum and stylus connected by linkages to tho recording dials of 
the Tinius-Olsen machine. This resulted in a graph of load versus travel 
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of tho ram. Knowing tho cross-aactioail area of the ran, It was pomible 
to convert directly from tho load reading to a pressure reading. 

Determining that particular value of tho load to uao presented a 
problem since at no time was a constant value attained. In Figure 1U, 
which is a typical example* of tho typo of curve obtained from the machine, 
several interesting things can be noticed. Since the ram speed was 
constant, the initial load was applied at a constant rate and is 
evidenced by the characteristic straight line at the beginning of the 
plot. This is analogous to the proportional region of a stress-strain 
curve for metal. As the load finally reached the point where the metal 
was stressed beyond the elastic limit, the extrusion began. At this 
point, a definite maximum occurred which was the stress required to start 
the extrusion. Once tho extrusion began, the 3trees dropped to a lower 
value and reflected that stress which was required to maintain the extru- 
sion. For the direct type of extrusion, this value did not remain 
constant because the friction experienced by the billot was decreasing as 
the billet length was becoming shorter. This downward trend is very 
evident in all the curves end appeared to bo of constant slope for all 
tests. 

As the interface between the two metals approached the die, there 
appeared to be a definite discontinuity in the recorded curve. Depending 
on the metals involved and the angle of the cone, this discontinuity 
varied slightly. After this discontinuity passed through the die, then, 
once again, the stress (or load) settled dorm to the relatively constant 
extrusion pressure characteristic of the second billet material. 

One thing very noticeable on all the curves was the harmonic-like 
vibration which occurred whenever a discontinuity passed through the die. 
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Pure Lead ►{♦Interface 3% Antimony Lead 
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Figure 14 Typical Recording of Load vs Ram Travel from Tinius-Olsen Tensile Machine 



This was always evident at the beginning of the extrusion and when the 
interface passed through the die. This phenomenon, not being of partic- 
ular interest at this point, will be discussed in more detail later on. 

In order to arrive at a naan value of the extrusion pressure for 
each region of the curve, a smooth ourve was drawn through the slowly 
varying region, disregarding tho initial peak value. Then by taking the 
value at the mid-point of this curve, the oo-called mean extrusion 
pressure was determined. It is obvious that some engineering judgment 
had to be used in arriving at these values, but, as Table III indicates, 
very good values were obtained. 

From this point it was a simple matter to arrive at K for each 
region and ultimately obtain K^/i^. 

C, Determination of Extrusion Defect Area 

The photographs shown in Appendix A clearly show the interface 
between the two extruded billets and the object now was to determine just 
what parameter would be used to classify the defect. Sot knowing how the 
information would finally be used, it was decided to get as much infor- 
mation as possible from the photographs. Figure 15 is a typical example 
of an interface and shows the points and areas under consideration. 

D y using a calibrated pianino tar, the aroa acbf was determined from 
the photograph. Since all the photographs wore made to varying scales, 
these areas had to be multiplied by the area magnification of each 
photograph. This factor was arrived at by measuring the line do in both 
the photograph and the sample. 3y taking tho squared ratio of these 
numbers, the area multiplication factor was determined. Then, by 
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Parameters Used for Analyzing Extrusion Defects 



dividing th® area of Acbf of the photograph by thi3 factor, the actual 
area of the sample for acbf was determined. See Table II* 

It was also felt that the area aod plus ceb vras of importance and ao 
the line £f waa measured, multiplied by line d®, and divided by the area 
multiplication factor. This determined area adeb and from this area waa 
subtracted the already known area acbf , giving area acd plus ceb. 

Unfortunately, not all the interfaces wero symmetrical about the 
centerline, and In these cases the line ab was drawn, connecting the 
points where the interface terminated at the outer edge. Point f was the 
mid-point of line ab. Line de was drawn through point c and perpendicular 
to the centerline of the extrusion. Results of those calculations aro 



also shown in Table II 
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VI, XSJLTJ AfiD DI3GU33ICH OF F.J3ULT3 



A, Horaaliaed intrusion Dofocts (Figures 16 - 28) 

From the negatives obtained in photographing the etched interface a, 
a normalised intorface was drawn, using a photographic enlarger. On a 
piece of white paper a one inch line was dr aim and the enlarger magni- 
fication was so adjusted as to make the diameter of the extrusion at the 
interface coincide with this drawn line. A pencil sketch was then made 
of the interface. Thus, all lUij samples were normalised, as it were, to 
a common one inch base. In redrawing the grouped sketches shown in the 
figures, a free hand was taken in making the interfaces symmetrical about 
the centerline, since very few of the samples wore truly symmetrical. 

In tha grouping of the normalised defects, it was planned to group 
first of all, all those extrusions in which the metal compositions were 
identical. Thus in Figure 16-a ia seen only those cases where pure lead 
was pushing pure lead for a particular extrusion ratio of li. The only 
variation in Figure 16-a, and all the subsequent figures, is the preset 
cone angle. The numbers inside the parenthesis indicate this angle and 
those numbers outside indicate the extrusion number tabulated in Table I. 

Figures 16 - 18 are all at an extrusion ratio ef h t whereas Figures 
19 - 22 are at an extrusion ratio of 9. This pattern continues 
throughout the remainder of the figures. 

In analyzing these curves on* must bear in mind that ae the defect 
curve approaches the outer edge in many cases it be caaes parallel to this 
edge and the determination of the cut off point is almost impossible. 

For this reason, it is wise to utilize two parameters, or in effect, to 
observe two characteristics of the curves. The raoat important thing to 
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oba 21*79 is tbs overall shape of the curve, espscially the rogion near the 
vortex, and secondly cho relative heights, or as i3 cc,nnonly referred to 
as the defect length. Recall that these curves are normalized and that 
comparison of height will have no justification between varying extrusion 
ratios. In the early stages of tho experiment it was thought that the 
included angle at the vertex would lend itself* aa a convenient parameter 
but these figures chow that little or no information would bo gained from 
this point of view. 

It night bo well to mention at this point that the area included 
under these curves ia not the so-called defect area as determined in 
Table II and used subsequently for analysis. Recall that the defect area 
is the shaded portion as shown in Figure 1?. 

Certain basis results are evident from those curves. This infor- 
mation, in itself, is not profound but warily agrees with generally 
well-known characteristics of the extrusions. 

1. As the extrusion ratio increases, other variables being fixed, 
the defect length increases. 

2. As tho extrusion ratio increases, other variables being fixed, 
the interface vertex angle becomes more acute. 

3. Generally, but not in all cases, as the preshaped cone angle is 
increased from the flat interface, the defect becomes less and the vertex 
becomes flatter. 

Other characteristics seem to show certain trends which are either 
in disagreement with present theory or are not found in present day 
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references. Briefly mentioned below are these trends which will be 
analysed further using dofsct area parameter* 

1. For a given extrusion ratio and cone angle, as the K 1 A 2 ratio 
is initially increased, there is a steady increase to the defect length, 
however a3 the Kj/Kj ratio exceeds unity and extends out to about !.£, 
there is a sharp drop in the defect length. After this drop, with the 
Kj/^ 2 ratio increasing still further, the defect length increases still 
further. 

2. For low extrusion ratios, variation in angle or metal composition 
shows little effect on the extrusion defect length or shape of the vertex. 
At high extrusion ratios, small variations in any variable produce 
tremendous changes in the shape of the defect. 

3. Formation of voids, which will be covered separately. 

U. The formation of reversss or "dixies" in the interface occurred 
with equal probability at cone angles of 1QO and 15° and did not occur at 
0° and 

!>. Increasing the cone angle did not necessarily reduce the defect. 

6. Ho simple rule existed which would allow one to product 



interface shapes 
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Fig. 16-a 
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Fig. 16-b 
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Extrusion Defects Normalized to Common Base 



Figure 16 
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Fig. 17-c 
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Extrusion Defects Normalized to Common Base 



Figure 17 
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Figure 18 
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Fig. 19-b 
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Fig. 20-a 
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Fig. 20 -b 



Extrusion Defects Normalized to Common Base 



Figure 20 
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3. Effect of Varying K ^/K^ Ratio (Figures 29 - 36) 

Figures 29 - 32 shew the off act on tho defect area with variation of 
the Kj/Kj ratio. Information to plot these curraa was obtained from 
Table II. 

Since the metal usad for each classification came from the same 
batch and can be assumed to be homogeneous, it might be suspected that 
the Ki/fy ratio for all the P- P extrusions, for example, would b© the 
same. This was basically true, but since a particular Kj/Kg value was 
found for each run, that value was plotted. It was of interest to 
determine the average value for all the various combine tiona and the 
results are shown in Table III. 



TABLE III 



TIPS 


Kj/Ks 


WSTAL COMBINATION 


A 


.$96 


10- P * 


B 


.683 


3- P 


C 


.9 3U 


10- 3 


D 


1.053 


10- 10 


B 


1.065 


P- P 


F 


1.081 


3- 3 


0 


1.2U5 


3- 10 


H 


1.635 


P- 3 


I 


IM 


P- 10 



•Indicates 10 percent antimony lead pushing pure lead 



- 5^ • 8'iu )l'i) r iy.* f ,/\ . i lo JoollB ,3 

lo z:o±d*i'xsv rfiJhr ks-is Joalob eri.t no Jo * It e; a urerte SC - 5 T £8*1031'? 

rao-il benirddo asw a«vu;o CB&rfd d< I oj noi«**nf©lnI .old. 1 ^2\j-X tdJ 

.II ©IcfoT 

smoa arid »o*il eesfio noldaoili* p»Io lose *tol fco*a I*d*e »rfd aonlS 
JxrlJ bedoeqaws ed Id*!® ii ,bi/o-p •-«,* -o»f *d o* besu» ea ©d cso bn* rfodsd 
•rid ed blucm .el casusxs 10 I .croxso'iJxs S -‘I ©rid JI* zc’l oldsi g^\j2 arid 
asw ez/Isv gXXfX telpolJ'zaq a eon la dtrd ,eorf \ I»ole$d as* airfT ,-t s* 
od d89*iedn£ lo asw dl .bo^dolq e«w awl*- d*rfd *nui dose * 10 ! bni/ol 
erid bms enoldcnidstoo euoiiav ©rid II* 10 I »i Iby e-mevs end sninnsdeb 

.III ©JdsT nl m»orl8 ©dis eJInaai 





III 8JSAT 




MOITAKI81KJO oAlt* 


£*\£2 


Sail 


* H -01 




A 


4 -i 


C86. 


a 


z -01 


4C5. 


0 


01 -01 


£50. 1 


a 


H -1 


560.1 


s 


C < 


180. 1 


•? 


01 -£ 


SliS.I 


0 


t -H 


5£ 6.1 


H 


01 -• 


845. r 


I 



b*»I eru/q gnirienq bsel x;no»ldn* Jrao'iaq 01 eedsolbnl*’ 



Tho type deslgna .ion xa.3 asoign3'i so that Type A had the lowest 
Kj/K 2 ratio. Cf interest is tho fact that fcr Types D, E, and F, tho 
Kj/Kj ratio ia slightly above 1.09. This is completely understandable if 
ona recognizes that part of the load registered by tho tactile machine ia 
duo to tho friction between tho lead ana the cylinder wall. In the 
beginning the friction is greats at bocauae there is core friction ar®% 

As the extrusion continues this area is rod used and consequently the 
friction is reduced, giving a lower reading for the second billot than 
the first. 

Note also the vary good agreement found in Typos D, 3 S and 7 aa to 
variation in This would give credence to the values obtained for 

the other types. 

labia 17 is a compilation of tho extrusion constants (5) for tho 
raotals used, depending upon whether it was the first or second billot out 
of the die. Thasa values agree fairly well with published data, but as 
was stated earlier, so many other variables enter into the determination 
of K that before comparisons can be made, the conpleto picture mu at be 
analyzed a a to temperature, lubrication, die geoiaotry, and ran spaed. 
Sufficient, however, is the fact that K did remain a constant for this 
series of experiments . 

Referring again to the series of curves plotted in Figures 29 - 32, 
it will bo noted that they are all similar to a modified 3-curve. At the 
low values of K-j/Xg, that is, where a hard metal is pushing a soft metal, 
tha defect area is small. Carrying this example to the extreme, assuno 
that the hard motal was steal and that tha soft metal wore a liquid, 3ay 
water. It can be visualized that a very small defect would form because 
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the watar, under hydrostatic pressure, with negligible shear, would flow 
coraple tely out of the die before tha 3taol waa extruded. It ia true that 
as the steel was extruded it would not cotta out flat, but would have & 
defect. It is this aspect which would restrict one froa obtaining a 
completely flat interface by variation of the S^/Kg alone. It is still 
noceasary to preshape the billet. This point of view is merely academic, 
because in dealing with extrusion problens, the selection of Kj/Kg is 
seldom allowed but rather pre-detarminad. 

TABUS IV 

3XTRU3ION CONSTANTS (S) 



USTAL 


srausxoK 

CONSTANTS 

(PSI) 


Pure Lead 
(1st Billet) 


63 7k 


Pure Lead 
(2nd Billet) 


6032 


3% Antimony 
(1st Billet) 


10163 


3% Antimony 
(2nd Billet) 


93k 7 


10$ Antimony 
(1st Billet) 


11712 


10$ Antimony 
(2nd Billet) 


110U 



As the ratio of %/&2 increases from this low value (less than 1) 
to values around unity, the curves increase until a maximum is reached 
which generally lies somewhere between s and 2.0. Herein is 
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the situation whare both metals are of the sane h&rdnoss. As could be 
expected in this range, an increase in the extrusion ratio causes an 
increase in the defect area. 

Any further increase in K-i/fy causes a sharp drop in the dafset area 
which, up to this point, is the most significant aspect noticed. 

Increasing still further produces a minion a to tho curvo aftor which 

it again starts to climb and as far as those experiments wore concerned, 
did not reach a plateau or reverse itself again. 

The fact that those curves wore not smoothly varying curves without 
maximum or miniraios points up tho strong dependence of the defect area 
on the Kj/Kg value. For example, if one has a pro-determined Kj/Kg and 
extrusion ratio, then one docs not know where he night be in relation to 
the maximum or minimum without having one of these experimental curves 
available. Basic theory cannot, end does not predict these C- curves. 

The minimum values reached were unquestionably noted and repeated 
themselves to the point of almost certainty. Again going to extreme 
situation, assume that water is pushing steel and it can b® visualised 
that a large defect would fora because again tho water acting under 
hydraulic pressure will exert itsolf equally on the surface of the steel. 
As the steel flows out, the central mss is flowing faster than the edge 
mass and a large defect would davolop. Thus, the large defect values 
found for high Kj/JCg are understandable. 
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C. Effect of Variation of Cone An^le 

If attention is now directed to the variation of the defect area 
with cons angle it can be soon that no clear cut rule can be laid down. 
Generally, when the cone angle is increased froa the flat interface 
(0° cono angle) the siee of the defect decreases, but there are definite 
tendencies which show that for particular ratios of Kj/Xg and extrusion 
ratios, increasing the cone angle actually incroasos the defect area. 
When the ratio of Kj/Kg is around unity then the general rule holds. 
Beyond a value corresponding to the peaks, variation in cone angle is 
completely dependent upon the relative position of the maximum and 
minimum of the various S-curves. 

In order to graphically illustrate the dependence of defect area on 
both Kj/Kg and cone angle. Figures 37 - UO have been plotted in a three- 
dimensional diagram showing the contours obtained for the various 
extrusion ratios. 

In attempting to find some justification for the peak values of 
defect area as the K-^/X^ ratio exceeds unity and then suddenly drops, it 
becomes paramount to again question the method by which the defect area 
was measured. This problem manifested itself froa the beginning because 
no clear cut definition of the defect was available. In utilising the 
area as finally selected, it was felt that this area was certainly as 
good as any other parameter which was available. It may be that the 
characteristic S- curves is a direct result of this selection and that no 
theoretical analysis can explain thsse curves. It is of interest to nets 

that If the area acbf of Figure 15 is used as tho defect area, the same 
type of curves are obtained. Tills fact, in some small way, substantiates 
the results found by using the parameter as chosen. 
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D. Formation of Voids 



In 32 cases out of the lij4 samples tested, voids word forraed between 
the two ratals after extrusion. Almost without fail the ra ^i° was 

very low when the void formed. This is easily understood when it is 
realized that a hard metal 1 b pushing the soft metal. As the interface 
passes through the die, the rear defect formed in the soft metal 
continues to increase by tailing back along the outer edge. The harder 
metal having a higher shear stress is incapable of keeping up with the 
faster moving soft metal in the center. As a result a void is forraed. 

Tabulated below is the result of void formation: 



TABLE V 



TIPS* 



NUMBER OF 3AMPLES 

imaas void formed 



A (low %/Kg) 
3 



11 



8 



C 



6 



D 



2 



2 



F 



2 



G 



0 



H 



0 



I (High K]/K 2 ) 



0 



*See Table III 
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VII. C0WCLU5I0N3 



Before any conclusions can be reached it. ahould be borne in mind 
that lltU test samples were investigated and that of these lWi samples no 
two were the same. Any analysis which might bo based on tha numerical 
data obtained from any one sample is very doubtful. Any curve drawn 
using as its bo sis the data from one sample i3 extremely doubtful. It is 
for this reason that (Treat liberty was taken by the author in arriving at 
th® curves. Many points fell entirely outside the range of reasonableness 
and were Just discounted altogether. Thus, the conclusions that follow 
are based solely on the trends that this experimenter thought were 
evident. Another person, in viewing thie data, might vary well arrive at 
completely opposite views. 

Based on the data found in this experiment and tha interpretation 
placed thereon, certain conclusions can b® reached. 

A. To a certain degree, interfaces resulting from extruding two 
metals of differing stiffnesses can be predicted. If one knows &\/&2 an< * 
the extrusion ratio then it should be possible to select a preshaped cone 
angle which would result in the flattest interface obtainable under those 
circumstances. This interface will not necessarily be completely flat. 

B, Extremely small defects result when Kj/S^ i® small, regardless 

of the extrusion ratio. However, tha undesirable result of voids is 
prevalent at small K-j/xO, ratios which means that little or no bonding 
would result at the interface. If bonding is important, then some moans 
should be used to prevent extrusions at low ratios. This might be 

accomplished by the use of a buffer plate which has a stiffness 
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intermediate between the two metals. Selection of this buffer material 
would have to be based on its nuclear as well as its mechanical propartie 
C. Experimental determination of the S-curves would be veiy 
beneficial in determining the cone angle which should be used for 
obtaining flat interfaces. 
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VIII. RECIWSKDATICHS 



A. Extension of Investigation 

1. It la recommended that further study be md® at cone angles in 
excess of the 1?° tried in this report* Each particular group of 
experiments should be carried to the point where the defect area 
becomes negative, that is, completely reverses itself. 

2. It is recommended that, if this experiment is continued, each 
particular test be run at least three times in order to minimise the 
probable error. One great problem in extrusions is the fact that it is 
not an exact science due to the pronounced offset each of tho many 
variables can play on the final result and the inability to precicely 
control those variables. Tho only solution to a situation of this typo 
is to repeat the particular test enough times so as to minimise the 
effect of the variables, 

B. Double Extrusion 

It is recommended that the possibility of arriving at a flat 
interface by the use of double extrusion be investigated further, 
utilising the apparatus for this experiment. Tho first extrusion should 
be done at extrusion ratios slightly over one and tho second extrusion 
should bs run at varying extrusion ratios in order to determine just what 
combination will result in a flat interface, 

C. Buffer Plates 

It la recommended that tho idea of using a metal of intermediate 
stiffness between two metals where K-j/Eg is email be investigated in 
order to determine if formation of voids can bo eliminated completely. 
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APPENDIX A 



1. Da tailed Drawings of Apparatus 

2, Photographs of Extruded Sample a (Figures A-6 to A~21) 

Each sheet cf photographs contains those samples in which the 
extrusion ratio and cone anglo remained fixed. Only the type of natal 
changsd. See Table I for description of sanple. 

Arrow at top of shaet indicates direction of extrusion. 

Notes Samples §55 and #1UU ware inadvertantly placed in the opposite 
direction whan photographed and consequently their direction of 
extrusion is opposite to that indicated. 
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Extrusion Cylinder 
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Fig. A“2. Extrusion Dies 
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Extrusion Stand 




FIGURE A- 4 

Extrusion Ram 
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Figure A-6 — Photographs of Coaposita Lead Billets After Extrusion Showing Interface. 
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Extrusion Katio 
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Figure a- 8 - Photographs of Composito Load Billots After Sxtru3±on Showing Interface 

i&ctraaion liafcio ~ 16 
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Figure A-9 - Photographs of Composite Lead Billots After Extrusion Showing Interface 

Extrusion Ratio s 2 $ 
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Figure A-10 - Photographs of Composite Lead Billets After intrusion Showing Into rfaoo. 

Extrusion datio = k 
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Mgar8 A- 11 - Photographs of Coapoait. 1*4 Billet* After Extrusion Shying Intorfeco 

Extrusion Ratio = U 
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Figure A-12 - Photographs of Coaposita Load Billots After Extrusion Shotring Interface, 

Extrusion Ratio = 1* 




jp^u<*;r«0 gtf-jr.ro y 

J.7&*-* iris - y»rcfea&p» c* C««*o«?4» r**f a?7T**« ss^sajcs 2jJ0*T»S prsirje. 



Tf< 




Figure A- 13 - Photographs oT Composite lead Billet# After Extrusion Showing Interface 
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Figure A— lit — Photographs of Composite Lead Billets After Zxtru3ion Showing * ace. 
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Figara A-15 — Photographs of Caaposito Load Billets Aftor Bxtrasion Showing Interface 

Si tr us ion Ila tio = 7 $ 
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Figure A-l6 - Photographs of Compos i to load Billets After Extrusion Showing Interface, 

Extrusion Ratio = 9 
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Figure A-17 - Piiotogropha of Cooj>o3ite Load Billots After Extrusion Showing Intsrfaca 
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Figure A-13 - Fhoto j^raphs of Composite Lead Billets After 
“Setrosion Showing interface. Extrusion Ratio » 25 



"tvf'i ■ a#9 Ili / 1 barl f^ieoqroO lo Biiqarr^oiori - 8I-A •mr..X‘f 
£3 » L.i$aR ocJ-KirzdJcJ ,.*’ik,JnoSrC[ .oJbrorf nciximJx. 



y 1 





SO 

fM 

















N 







Figuro A-19 - Fhotogr phs of Coapooits L® ad Billots After Extrusion Showing Interfaca. 
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Figure A-20 - Photographs of Corapoaite load Billets After Extrusion Showing Interface 

Extrusion Ratio = 16 
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Figure A-21 ~ Photographs of Composite Load Billets After Extrusion Showing Interface. 

Extrusion Ratio - 2J> 



gxj%.fi?7ca "pg?xn - 5 ^ 

iJ&at® ?“3j - fi-oi-otr, “•'« or, cfr&s&r * + r*.*g BTIT^r* 7{,re r * gscpt-aareti oroatitS pj£at^»c« 



•HP 



*7 



APr^WDIX B 



PLASTICINE SZF3RHHTS 



1. The ilatoriai Jccd 

The Plasticine used was a plastic clay distributed under the trade 
name of "Plus taiena M , .is.iufactured by the Gtewart Clay Coapauy of New 
York 13, Hour York. It was a naa-hardening clay which cams in a variety 
of colors and, much to the chagrin of the in/astigator, a variety of 
hardnesses. The cclor appeared to have a remarkable effect on the 
hardness, probably because in its manufacture, a batch consisted of one 
color. In conversation with the manufacturer, it was learned that 
precise methods ware not used to any degree at all. 

2. Lubrication 

An attempt was made to determine the bast lubricant for obtaining 
the least friction between the clay and a bright natal surface. The 
following substances ware tried? 

a. Talc 

b. Dow Corning 703 Silicone Fluid 

c. Dow Coming 9?8l LT 

d. Shell #litf) Gear Box Oil 

e. Teraaso #6S> Hydraulic Oil 

f. Mineral Oil 

g. Aquadag 

h. Johnson #1*>0 Wax Draw 

i. Welsh Duo-seal Oil 

j. Duaore Cool Bearing Oil 

k. Lubrlko Grease (Density M6) 
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1. Liquid Creen Soap 

2B. '< ** tur 

n. Ethyl Riclnoleate (Eastwm Kodak) 

o. Polyethylene Glycol "bOO" 

The teat consisted of extruding Plasticine through a circular die 
using an ex tr union ratio of It and a billet disaster of .750-inch. The 
die, cylinder wall, ran, and billet were coated with the specified 
lubricant and the extrusion pressure was recorded. Without going into 
great details cf the analysis, it was found that water was the be3t 
lubricant of all the materials tried. Most of the oils showed little if 
any variation. The Johnson Draw Wax closely approached the water value. 
In no cases was it possible to lubricate the throat of the die for more 
than a small portion of the extrusion, which indicated that the clay was 
soft enough to prevent the thin film lubricant from passing into the die. 
This was significant in that during the initial stage of extrusion the 
throat was lubricated; whereas, for most of the extrusion the throat had 
no lubricant whatsoever. This point should be remembered in analyzing 

the results of extrusion with very soft materials. 

/ 

One point in favor of using plain water as a lubricant was that it 
wss not a solvent for the binder in the clay. 

3. Density Measurements 

Soma thought was given to kneading the clay in order to insure 
homogeneity. Invariably kneading resulted in lower extrusion pressures. 
Density measurements were made on different colors and with kneaded and 
unkneaded clay. As suspected, density varied with color but only from a 
batuh-wiso point of view. Significant, however, was the fact that the 



quo 3 necnO bit-t tS .1 

1&}*: ,a 

( >bLo) 5 nurds* ) edr-Icmiol? I y d?. 

"CCd' XooxI'" 1 anoXvld^Xob ,o 
fr*.) m»Iuomlo e c**V' ‘ , -'.' r ©nr ; nJtbvmJxe Ho '.♦de.Sroo d*©d ©riH 
- d? .rio*dt~O^Y» 1o nod. s six, d»-QXd b bn© U Ho o tS - ~ no f R.’idx* r» | USi* 
i-jxlioeq* *- ( d ridl» w«oo ft-n'* dellld i>rsrx> t ~fi t IX&Tr *ssbnilvj t *2£) 
odni gnlog d uods X * .beb'jooa-i e«w fi j 5irre©*xq noisndxa ©rid hn» imrolmd^l 
#•* eid bfv •’vtiM d c v bntixd B£w XX t eXaxXrnH srld Ho cXiadsb drsT 

Hi slddiX bvv-.-*a silo © ,d Ho dso< .bsi'jd Eicl’xt+d*** srid LLs Ho dp^lnritfX 
,©•'!-’ • isdaw erfd berioBdiqq^ x^ssola x* noanricL srtT „ccid- iiav \ra 

6*it>6i toH alb ©rid Ho dcoirid add •iBoi’xdul od ©Xdleeoq di e-Bw soeco on nl 
bsw v«Xo add dftrid tsiEoibni riodrfs- „ncxcindx© grid Ho noldioci XlBiae 6 nsrfd 
,t-ib add oJ-n.it ; otea^q iboiH drAoiicfuX ®lil nlrfd ©rid dnevsiq od rh,uone dies 
arid ojtouidx© Ho e^ede. LalSi.nl ©rid gcb'jab dsrid nl dnsslHlr^le asw airfT 
b»>-ri dao-'id rid no2e;rsdx:» ©rid Ho Seom toH tese'ysriw {bodftol^dnl erw d/KTrid 
riJ: J*n.6 ni - •**: sd bXLOrie dnloq sirfT .novso eJariw dnsoindol on 

.ali if-t •■ . dloe ip»T ridlw nolyuidxe Ho EdJnasi ©rid 
di d*rfd sew dftFO.tTR ui • b* bw nlfclq 4 n.tf. 1 s Ho aovsH r»£ drioq *nO 

.^bIo ©rid nl *xrbrld arid nol d'« Xos » den saw 

edn» • - n»g. ; . d \dl«r©G ,£ 

©'xusnl os tot mo nl r* Xo o nlb£-»iiri ed nsvlg b*~- dri ,uo Id acre’ 

.n©i» co»t , aol* • tS* ' ..--f.l nl bsdltrasn ;nlbaa/a{ yXd- .'it.viil .\ii©n*’o* ori 
»>ji* b*v*ic®/i>i ridlw brw b'toXoo d -*rsHHlb no ©bnei ©‘.©w «-dr’» -*u cf •- xd!*' - ^ 1 
* ' r JiH x-^ 00 Xnd *joXoo ri* Iw bel*i> *- x^Xs-^b t bsdo» r iRu8 aA .x*Co bsb© ' , nn 
» ‘d dsrid do*H ©rid ,T:tv®wi-l jdni*olHlnsl8 .wolv Ho dnioq ©r.lr-riodsd 



•JS' 



unknoaded clay ran always leas dense, which can be attributed to the air 
bubbles existing in the clay prior to kneading. This variation amounted 
to about 1 C3*it, 
h. Interface dtudy 

A paries of simple extrusions were conducted using two different 
colored Plasticines in oi’der to study the formation of the interface 
which developed. Ko quantitative data was taken, since the object was to 
determine the feasibility of using the Plasticine as an extrusion piodius. 
It was from the r,a experiments that It was decided to use a metal such as 
lead. The main reason for its unacceptability was the lack of reproduc- 
ibility and the difficulty experienced in obtaining accurate measurements. 
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APPSNDIX C 



DOUBLE UXThuBION 3X?SaiM2NT ITil ALUMINUM 

In order to determine if the results obtained in the double 
extrusion experiment using Plasticine were applicable only to that 
material alone, the same basic experiment was carried out using aluminum. 

A billet, shown in Figure C-l, was machined from lUS aluminum. A 
1/8- inch hole was drilled as indicated and filled with powdered copper so 
that a radiograph could be taken in order to show the results of the 
extrusion on a transverse grid line. This billet was then heated to 
JiOO°C and extruded through a 1.05U-inch die, giving an extrusion ratio of 
in Figure C-2 is the radiograph of the billet after the first extrusion. 
This billot was then re-extruded from the opposite direction, using a 
.55-inch die which gave an extrusion ratio again of In Figure C-3 is the 
radiograph of this final extrusion. 

Note that the extrusion defect aftor the first extrusion is quite 
normal and is what one would expect; however in figure C-3 the extrusion 
defect ha3 not reversed itself anywhere along the line and has greatly 
increased in length. This inability of the defect to show even small 
signs of reversing itself indicates that this is an instance where the 
defect after the first extrusion was too great, and in fact, far exceeded 
the point at which it could be reversed. 

It would be interesting to repeat this experiment and for the first 
extrusion use an extrusion ratio of around 1.5 and then re-extrude at 
about 10-16. In this way, the defect would be around the 15° cone angle 
range and could possibly result in a flat interface. 
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Material : Al 




Figure C-l 

Billet for Aluminum Double 
Extrusion 
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Figure C-2 - Radiograph of Aluminum Billet After First Extrusion 
Shewing Distortion of Copper-Filled Hole. Direction of First 
Extrusion was from Right to left. 




Figure C-3 - Radiograph of Aluminum Billet After Second Extrusion 
Showing Distortion of Copper-Filled Hole. Direction of Second 
Extrusion was from Left to Right. 
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